Abstract. Curcumin has been found to exhibit anticancer activity and certain studies have shown that curcumin triggers the apoptosis of human A549 lung adenocarcinoma cells. However, the mechanism underlying curcumin-mediated apoptosis is not completely understood. The present study was designed to investigate the effect of curcumin on the induction of apoptosis and apoptosis-related factors in human A549 lung adenocarcinoma cells. Treatment of A549 cells with curcumin caused a concentration-dependent inhibition of cell growth and an increase in apoptosis, as confirmed by THE MTT assay, flow cytometry and morphology analysis. Curcumin-treatment of A549 cells induced a loss of the mitochondrial membrane potential and increased cytosolic cytochrome c. Furthermore, curcumin-induced apoptosis was accompanied by changes in intracellular oxidative stress-related enzymes, including decreased intracellular reactive oxygen species levels, increased superoxide dismutase and decreased malondialdehyde and 4-hydroxynonenal. In addition, induction of apoptosis was also accompanied by phosphorylation and activation of mitogen-activated protein kinase signaling pathway factors c-Jun N-terminal kinase, p38 and extracellular signal-regulated kinase.
Introduction
Lung cancer is the main leading cause of cancer-related fatality worldwide, with a rapidly increasing rate in China and other Asian countries (1) (2) (3) (4) . Chemotherapy is currently the most frequently used treatment for lung cancer and other types of cancer. However, while this method of treatment kills cancer cells, it also destroys some normal cells. Thus, the identification of novel natural compounds with low toxicity and high selectivity for killing cancer cells is a significant area in cancer research (5) , and several natural products have been used as alternative treatments for cancer (6, 7) .
Curcumin, a natural and crystalline compound isolated from the plant Curcuma longa, has been widely studied for its anti-inflammatory, antiangiogenic, antioxidant and anticancer effects in Chinese systems of medicine (8, 9) . Additionally, previous studies have shown that curcumin exhibits antiproliferative and anticarcinogenic properties in a wide variety of cell lines and animals (10, 11) . Previous studies have demonstrated that curcumin inhibits the growth and apoptosis of human A549 lung adenocarcinoma cells (12) (13) (14) . However, the mechanisms of curcumin-induced apoptosis via oxidative stress remain unclear.
The physiological status of the reactive oxygen species (ROS) levels can regulate cell proliferation: When intracellular ROS levels are above a certain threshold, ROS inhibit the cell cycle, leading to increased cell apoptosis and necrosis. In the tumor cells it often maintains a higher state of oxidation, with higher levels of oxygen free radicals and lower levels of the antioxidant enzyme activity. This higher oxidation state can activate certain transcription factors and associated genes, such as NF-κB and API, thus, ensuring the survival, proliferation and migration of tumor cells. Certain research has shown that the antitumor function of curcumin occurs by regulation of the intracellular redox state (15, 16) . In tumor cells, low concentrations of curcumin inhibit cell proliferation, with no induction of apoptosis. However, intracellular ROS are slightly decreased and the level of superoxide dismutase (SOD) is elevated, which causes lipid peroxidation in the presence of other factors to suppress malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE). In high concentrations of curcumin, cellular ROS declines rapidly and the SOD level increases, along with a significant increase of apoptosis products (17, 18) .
Heat-shock proteins (HSP) are necessary proteins under physiological conditions that are upregulated in response to stress (particularly heat stress). Higher expression of HSP70 was identified in tumor cells compared with normal cells and was closely associated with histological types of lung cancer A549 cells via  oxidative stress and MAPK signaling pathways   QINGHUA YAO  1 , MIAO LIN   2   , YUQI WANG  2 , YUEBIAO LAI  2 , JINGJING HU  2 , TING FU  2 ,   LU WANG  2 , SHUYUAN LIN  2 , LIANGLIANG CHEN  3 and YONG GUO and prognosis (19) . High expression of HSP70 may be required to maintain the stability of tumor cells through regulation of gene expression and immune response (20) . Under conditions of oxidative stress, ionizing radiation and heat-shock stress, HSP70 expression increases, and subsequently participates in the process of the B-cell lymphoma 2 (Bcl-2) family to regulate tumor cell apoptosis (21) . HSP70, as a molecular chaperone, changes the conformation of the Bcl-2-associated X protein (Bax) gene to prevent cellular apoptosis. Upon exposure to HSP70 inhibitors, the tumor cells undergo apoptosis (22) . These findings suggest that HSPs are closely associated with ROS in the process of tumor cell apoptosis. Following the disruption of the high expression level of ROS and HSP70 in the tumor cells, the cells undergo apoptosis. Although numerous studies have confirmed that curcumin induces apoptosis via the mitochondrial pathway (23, 24) , the signaling pathways for the ROS-mediated mitochondrial apoptotic cell death triggered by curcumin still remain unclear, particularly in lung cancer cells.
Curcumin induces the apoptosis of
In the present study, the molecular mechanisms of the effects of curcumin on the induction of apoptosis of the human A549 non-small cell lung cancer cell line were examined. The data indicate that the initiation of curcumin-induced apoptotic signaling involves decreased ROS, HSP70 and mitochondrial membrane potential (MMP). These findings aid in elucidating the mechanisms of curcumin-induced apoptosis and may contribute to the development of a novel drug based on curcumin alone or in combination therapies.
Materials and methods
Reagents and cell lines. Curcumin (C 21 H 20 O 6 ) was purchased from Sigma Chemical (St. Louis, MO, USA). Propidium iodide (PI) and Annexin V-fluorescein isothiocyanate (FITC) were purchased from BD Pharmingen (Minneapolis, MN, USA). HSP70, Bcl-2, Bax, caspase-3, caspase-9, cleaved caspase-3, cleaved caspase-9, total c-Jun N-terminal kinase (JNK), p38 and extracellular signal-regulated kinase (ERK), and phosphorylated JNK, p38 and ERK were purchased from Cell Signaling Technology (Danvers, MA, USA). U0126 (ERK inhibitor), SB203580 (p38 inhibitor) and SP600125 (JNK inhibitor) were from Sigma Chemical. Dichlorodihydro-fluorescein diacetate (DCFH-DA) was obtained from Beyotime Institute of Biotechnology (Jiangsu, China). MDA and 4-HNE were obtained from Nanjing Jiancheng Bioengineering Institute (Jiangsu, China). MitoTracker was obtained from Molecular Probes (Eugene, OR, USA). Fetal bovine serum (FBS), RPMI-1640 and penicillin-streptomycin were obtained from Thermo Fisher Scientific (Waltham, MA, USA). A549 human lung carcinoma cells were obtained from the Shanghai Cell Center of Chinese Academy of Sciences.
Cell culture. The A549 cell line was cultured in RPMI-1640 supplemented with 10% FBS and was grown in a humidified atmosphere with 5% CO 2 at 37˚C.
Cell growth inhibition assay. Cell proliferation was measured by cell counting and MTT assays. Cells were seeded in 96-well plates with 2x10 4 cells/well. After 24 h, the cells were incubated with different concentrations of curcumin for different times. Following incubation, MTT solution at 20 µl/well [5 mg/ml in phosphate-buffered saline (PBS)] was added and cells were incubated for an additional 5 h. The medium was aspirated and replaced with 150 µl/well dimethyl sulfoxide (DMSO) to dissolve the formazan salt. The color intensity of the formazan solution, which reflects the cell growth condition, was measured at 570 nm using a microplate reader (BioTek Instruments, Winooski, VT, USA). In the presence of antioxidants, the cells were washed with PBS and evaluated by the MTT assay.
Flow cytometry. For detection of apoptosis by fluorescence-activated cell sorting, ~25x10 4 cells/ml in 6-cm plates were treated with various concentrations of curcumin. The cells were harvested and used for FITC-conjugated Annexin V and PI staining for 5 min at room temperature. The stained cells were analyzed by flow cytometry (BD Biosciences, Minneapolis, MN, USA) to determine the percentages of apoptotic cells.
Electron microscopy. A549 cells were trypsinized and fixed in ice-cold 2.5% electron microscopy grade glutaraldehyde in PBS (pH 7.3). The specimens were rinsed with PBS, post-fixed in 1% osmium tetroxide with 0.1% potassium ferricyanide, dehydrated through a graded series of ethanol (30-90%), and embedded in Epon. Semi-thin (300 nm) sections were cut using a Reichart Ultracut, stained with 0.5% toluidine blue, and examined under a light microscope (Olympus, Tokyo, Japan). Ultra-thin sections (65 nm) were stained with 2% uranyl acetate and Reynold's lead citrate, and examined on a transmission electron microscope (magnification, x5,000).
Measurement of MMP.
A549 cells were seeded in 6-well plates with 30x10 4 cells/well. After 24-h incubation, cells were treated with curcumin (20 µM). After 24 h, cells were incubated with 5 µM JC-1 fluorescent dye for 30 min at 37˚C in the dark, and were subsequently washed with PBS. MMP was evaluated qualitatively under a fluorescence microscope (Olympus IX81) using a 568 nm filter.
Immunofluorescence analysis. Cells were incubated with 10 nM MitoTracker Green for 1 h. Cells were subsequently cyto-spinned on glass slides, washed twice with PBS, fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.3% Triton for 10 min and incubated with PBS containing 10% bovine serum albumin (BSA) for 1 h at room temperature. Primary antibodies diluted in PBS containing 1% BSA (1/200 for anti-cytochrome c antibody; Cell Signaling Technology) were incubated with cells at 4˚C overnight. Cells were washed and incubated with the appropriate fluorescent secondary antibody. Cells were washed twice in PBS and stained with 4' ,6-diamidino-2-phenylindole. Fluorescent images were obtained on a Zeiss Axioplan microscope (Carl Zeiss AG, Oberkochen, Germany) and 10 sections of each preparation were scanned.
Determination of ROS, SOD, MDA and 4-HNE levels.
The effects of curcumin on intracellular ROS generation were evaluated by DCFH-DA fluorescence assay. In brief, A549 cells were co-incubated with different concentrations of curcumin for various times, and were subsequently incubated with DCFH-DA at a final concentration of 10 µM at 37˚C for 30 min. Cells were harvested, washed three times with PBS and were suspended in PBS (1x10 6 cells/ml), and the fluorescence intensity was measured on a fluorescence reader (BD Biosciences, Franklin Lakes, NJ, USA). Relative DCF fluorescence intensity of treated cells was expressed as percentage of the control (as 100%).
SOD activity was determined by specific assay kits purchased from Beyotime Institute of Biotechnology, according to the manufacturer's instructions. In brief, following curcumin treatment, cells were lysed in cell lysis buffer. Cell lysates (100 µg/well) were evaluated for SOD activity, and SOD activity was expressed as a percentage of the control.
MDA activity was measured by the assay kit (Nanjing Jiancheng Bioengineering Institute) and performed according to the manufacturer's instructions. Briefly, curcumin-treated cells were harvested and lysed in cell lysis buffer and MDA activity was evaluated. MDA activity was determined by comparison with the standard curve prepared from predetermined MDA standards.
4-HNE, a biomarker of oxidative stress, was examined using an ELISA kit (Nanjing Jiancheng Bioengineering Institute). Briefly, 4-HNE protein adducts present in the sample or standard were probed with the 4-HNE primary antibody, followed by incubation with a horseradish peroxidase-conjugated secondary antibody. The 4-HNE protein adduct content in the unknown sample was determined by comparison with the standard curve prepared from predetermined HNE-BSA standards.
Western blot analysis. Cells were seeded in 60-mm dishes and incubated with different concentrations of curcumin for different times. Proteins were extracted in lysis buffer, supplemented with 1 mM phenylmethylsulfonyl fluoride, protease inhibitor and phosphatase inhibitors. Total proteins (25 µg) were electrophoresed on 10% polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were blocked with 5% dried skimmed milk in Tris-buffered saline/Tween-20 buffer for 1 h at room temperature. The membranes were incubated with primary antibodies at 1:1,000 dilution in 5% non-fat milk overnight at 4˚C, and secondary antibodies (1:5,000) were subsequently incubated for 2 h at room temperature. Protein bands were visualized with the enhanced chemiluminescence method. The results were corrected for protein loading by normalization for β-actin expression and quantified by Quantity One software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. All data are presented as mean ± standard deviation. Statistical analysis of the results was performed by one-way analysis of variance followed by the SPSS statistical package (SPSS 13.0 for Windows; SPSS, Inc., Chicago, IL, USA). For all the statistical analyses, P<0.05 or P<0.01 were considered to indicate a statistically significant difference.
Results

Curcumin inhibits cell growth of A549 cells.
To evaluate the growth inhibitory effects of curcumin, A549 cells were treated with curcumin for various times and viable cells were measured by the MTT assay. A decrease in cell viability was observed in response to curcumin treatment in a time-and dose-dependent manner (Fig. 1A) .
Curcumin induces the apoptosis of A549 cells. To determine whether the growth inhibition by curcumin was associated with apoptosis, the degree of apoptosis was examined by PI and Annexin V staining through flow cytometric analysis. As shown in Fig. 1B and C, curcumin caused a significant inhibition of cell proliferation in a concentration-dependent manner. When cells were treated with curcumin (5-40 µM) for 24 h, the proportion of AV + /PI -(apoptotic cells) was increased from 1.65% of control cells to 26.58% of the group treated with 20 µM curcumin (P<0.05), the 40 µM curcumin group was increased by ~30.63% (P<0.05). In addition, the percentage of apoptotic cells increased in a time-and dose-dependent manner. As shown in Fig. 1D, no These results suggest that curcumin-induced apoptosis has a dose-and time-dependent association.
Involvement of caspase activation in the curcumin-induced apoptotic effect.
Caspase activation is a significant event in the proteolytic cascade elicited by apoptotic stimuli, particularly caspase-3, which is an effector caspase that has a critical role in cell death induced by a variety of stimuli. To determine the mechanism by which curcumin treatment trigger A549 cell apoptosis, the protein levels of cleaved caspase-9 and -3 were examined by western blot analyses. The result suggested that caspase-9 and -3 were activated in a dose-dependent manner in curcumin-treated cells (Fig. 2) .
Curcumin causes changes to the morphological features of apoptosis. The morphological characteristics of A549 cells treated with curcumin were further examined by electron microscopy. As shown in Fig. 3 , the control cells exhibited an intact nuclear structure, while cells treated with curcumin showed morphological changes that are characteristic of apoptosis, including disappearance of mitochondrial cristae, cell shrinkage, chromatin aggregation containing a half-moon of condensed chromatin, and appearance of membrane blebbing and numerous apoptotic bodies.
Curcumin induces cytochrome c translocation. Cytochrome c release from mitochondria is a critical event promoting the intrinsic death pathway by apoptotic protease activating factor 1 (Apaf-1)-mediated caspase-3 activation and apoptosis. The effects of curcumin on cytochrome c translocation were subsequently examined. In DMSO-treated control A549 cells, cytochrome c exhibited punctate cytoplasmic staining in agreement with its localization in mitochondria, as evidenced by yellow-orange staining from merging with MitoTracker Green staining (Fig. 4A ). Upon treatment with curcumin, the yellow-orange staining was markedly abolished. A large fraction of curcumin-treated cells exhibited red fluorescence, indicating cytochrome c release from the mitochondria into the cytosol (Fig. 4B ). These data suggested that curcumin treatment of A549 cells increased the level of cytochrome c in the cytosol with a concomitant decreased level of cytochrome c in the mitochondria.
Effects of curcumin on MMP.
To further confirm the observations regarding the induction of apoptosis of A549 cells by curcumin, A549 cells were exposed to 5-40 µM curcumin for 24 h and were subsequently stained with JC-1, which is used to assess the integrity of the MMP. Cellular mitochondria are stained red when their membranes are intact and polarized, and exhibit green fluorescence when the membranes are depolarized. Fluorescence microscopic evaluation of JC-1-stained control cells showed heterogeneous staining of the cytoplasm with red and green fluorescence coexisting in the same cell (Fig. 5) . This staining was consistent with mitochondrial localization. In the control group, the red fluorescence was distributed throughout the cytoplasm. Cells treated with curcumin showed marked changes in MMP, such as the disappearance of red fluorescence and increase of green fluorescence in the majority of cells. These data indicate that curcumin induces loss of MMP.
Effect of curcumin on the expression of the Bcl-2 family of proteins.
To further investigate the mechanisms underlying curcumin-induced apoptosis in lung cancer cells, the apoptotic proteins Bcl-2 and Bax were analyzed by western blot analysis. As shown in Fig. 6A , the proapoptotic protein Bax was increased following treatment with curcumin for 24 h, whereas antiapoptotic protein Bcl-2 levels decreased. Therefore, an increase in the Bax/Bcl-2 ratio may be involved in apoptosis induced by curcumin (Fig. 6B) . possible mechanisms by which curcumin induced the apoptosis of A549 cells, cells were exposed to 5-40 µM curcumin and ROS activity was evaluated using a DCF kit. Changes in DCF fluorescence were detected by flow cytometric analysis. The proportion of cells with lower fluorescence intensity was decreased in cells exposed to 20 µM curcumin for 24 h (Fig. 7A) , indicating that curcumin significantly decreased the level of ROS in a dose-dependent manner.
Effects of curcumin on the levels of intracellular ROS, SOD
Subsequently, the effects of curcumin were examined on SOD levels. As shown in Fig. 7B , exposure of A549 cells to 5-40 µM curcumin for 24 h had a significant increase of intracellular SOD levels compared with the control following 20 and 40 µM treatment (P<0.05, P<0.01, respectively).
To evaluate the role of oxidative stress on mitochondrial function, the effect of lipid peroxidation (MDA and 4-HNE) induced by curcumin in A549 cells was evaluated. After 24 h of exposure to curcumin, the degree of lipid peroxidation was determined by measuring MDA in cells. As illustrated in Fig. 7C , curcumin treatment reduced MDA levels below baseline values compared with the control cells (P<0.05).
Another biomarker of oxidative stress, the lipid peroxidation marker 4-HNE (14,28), was examined. As shown in Fig. 7D , A549 cells treated with 5-40 µM curcumin for 24 h had significantly lower levels of 4-HNE protein adducts (P<0.05).
Roles of HSP70 in curcumin-induced cell apoptosis. The conclusion drawn thus far is that curcumin-induced A549 cell apoptosis has a relative association with oxidative stress. To further investigate whether oxidative stress was involved in the curcumin-induced cell death, the level of HSP70 was analyzed by western blot analysis. A549 cells were exposed to various concentrations of curcumin (5-40 µM) for 24 h, and the cells were lysed and analyzed for the expression of proteins as indicated. Notably, as shown in Fig. 8 , the expression of HSP70 was inhibited in a dose-dependent manner. 
Role of MAPK signaling in curcumin-induced cell death.
MAPK pathways have a vital role in signal transduction of extracellular stimuli to the nucleus and subsequent activation of gene transcription. The MAPK signaling cascade can be activated by oxidative stress, which affects cell proliferation and apoptosis. When the redox balance is disturbed, HSP70 activates JNK phosphorylation, and the MAPK signaling pathway is activated, triggering a series of downstream signal responses. To examine whether curcumin-mediated apoptosis is involved in the MAPK signaling pathways, the levels of total and phosphorylated ERK, p38 and JNK protein were examined in A549 cells treated with 5-40 µM curcumin for 24 h by western blot analysis. With the increase of concentrations of curcumin, the activation of phosphorylated ERK, JNK and p38 proteins was also enhanced, whereas, total ERK, p38 and JNK protein had no significant changes (Fig. 9A) . These data suggest that the MAPK signaling pathway is involved in curcumin-mediated apoptosis. To investigate whether these kinases were required for curcumin-induced A549 cell apoptosis, the effects of MAPK inhibitors on cellular apoptosis and MAPK activation were examined. Cells were preincubated with U0126 (ERK inhibitor), SB203580 (P38 inhibitor) or SP600125 (JNK inhibitor) for 1 h, and subsequently exposed to 20 µM curcumin for 24 h. As shown in Fig. 9B, p38 phosphorylation was reduced in cells pretreated for 1 h with 20 µM SB203580. Similarly, JNK phosphorylation was also reduced in cells pretreated with 20 µM SP600125 (Fig. 9B) . However, ERK phosphorylation was increased in cells pretreated for 1 h with 20 µM U0126. These results demonstrate that curcumin induces the activation of p38, JNK and ERK, indicating that the MAPK pathway is involved in curcumin-induced apoptosis of A549 cells.
Discussion
Multiple studies have shown that curcumin promotes antitumor effects by induction of apoptosis (25, 26) . However, the proapoptotic role of curcumin and underlying mechanism remains unknown. In the present study, curcumin not only inhibited cell proliferation of A549 cells by MTT assay, but also induced apoptosis in a dose-and time-dependent manner. A concentration of 20 µM curcumin exhibited significant growth inhibition in A549 cells. As evidence of apoptosis, cells treated with 20 µM curcumin showed cell shrinkage with numerous apoptotic bodies compared with untreated cells as observed by electron microscopy.
Two general pathways are involved in apoptosis, including the death receptor-mediated extrinsic and mitochondria-mediated intrinsic pathways (27) . The mitochondria-mediated apoptotic pathway is characterized by loss of MMP and release of cytochrome c from mitochondria into the cytoplasm (28) . In the present study, the mitochondrial-specific cationic dye, JC-1, was used to confirm the loss of MMP upon exposure to curcumin, and an immunofluorescence assay showed cytochrome c translocation, occurring in a dose-dependent manner. Therefore, curcumin induced the apoptosis of A549 cells through mitochondria-mediated apoptotic pathways.
Oxidative stress is a physiological state in the body, and when the body suffers from a variety of harmful stimulation, highly reactive molecules, such as active oxygen free radicals (ROS) and reactive nitrogen free radicals, are generated in large quantities and the redox balance is broken. These changes induced apoptosis and even tissue damage through the mitochondria signaling pathway, endoplasmic reticulum stress pathway and death receptor pathway (29) (30) (31) . Oxidative stress is closely associated with cell apoptosis. The physiological state of the ROS level participates in the regulation of cell proliferation: When intracellular ROS levels are above a certain threshold, ROS inhibit the cell cycle, leading to DNA rupture, cell apoptosis and necrosis. A higher state of oxidation is often maintained in the tumor cells, this higher oxidation state activate certain transcription factors and associated genes, such as NF-κB and API, thus, ensuring the survival, proliferation and migration of tumor cells. In the present study, curcumin affected intracellular oxidative stress, decreased ROS and increased SOD activity, further reducing the generation of MDA and 4-HNE (32) . These changes trigger the intrinsic apoptotic pathway: HSP70 expression is restrained, the proapoptotic protein Bax and antiapoptotic protein Bcl-2 are activated, MMP is lost, cytochrome c is released into the cytoplasm, the caspase-9/3 classical apoptotic pathway is activated, and eventually cells die (33, 34) . When cells were pretreated with the HSP70 inhibitor, the indicators of the redox state did not show any change, however, MMP, cytochrome c and the Bax/Bcl-2 ratio were significantly changed, and cells were prevented from undergoing cell apoptosis. Accordingly, oxidative stress is the upstream signal of HSP70, and the Bcl-2 family is the downstream point of HSP70, and subsequently it activates cellular apoptosis via the mitochondrial signaling pathway.
HSPs are a group of proteins that can rapidly respond to any physical changes, including high temperature, metal, drugs, poisoning and oxidative stress (35) . HSP70 is one of the most important members of the HSP family, and is closely associated with tumor cell apoptosis (36) . HSP70 has a high expression level in tumor cells (particularly malignant tumor cells), and has an important role of antitumor cell apoptosis through participating in the process of gene regulation and immune response. Certain studies have shown that HSP70 is expressed highly under stress conditions, such as heat shock and oxidative stress and subsequently activate the Bc1-2 family protein, compete Apaf-1 with caspase-9, thus, causing the inactivation of caspase-9, which affects the cytoplasm of the caspase cascade and inhibits apoptosis. The study by Stankiewicz et al (37) suggested that HSP70 induced tumor cells apoptosis mainly by blocking heat stress, inhibiting the activity of Bax and protecting the release of apoptotic initiation factors from mitochondria. Therefore, the anti-apoptosis function of HSP70 is indicated by regulation of the Bcl-2 family activity (38) . In the present study, curcumin regulated the intracellular redox state to suppress the activity of HSP70, thus, inducing cells apoptosis through activating the mitochondrial apoptotic pathways.
The MAPK signaling pathways are important signal transduction pathways in eukaryotic cells that mediate signal transduction from the cell surface to the nucleus. These pathways are closely associated with cell proliferation, survival, differentiation, apoptosis and other physiological processes (39) . There are three groups of MAPK pathways: The ERK1/2 MAPK, P38MAPK and JNK/SAPK MAPK families. The ERK1/2 MAPK family is mainly associated with cell differentiation and proliferation (40) . The JNK and P38 family mainly participate in the regulation of cell apoptosis (41, 42) . Certain studies showed that excess ROS can interfere with a variety of signaling pathways, and all the MAP kinases exhibit sensitivity to ROS and oxidizing agents (43, 44) . The MAPK signaling cascade can be activated by oxidative stress, which affects cell proliferation and apoptosis. Numerous studies have stated that HSP70 mediated cell apoptosis through inhibition of JNK phosphorylation. When the redox balance is disturbed, HSP70 activates JNK phosphorylation, and the MAPK signaling pathway is activated, triggering a series of downstream signal responses (45) . In the present study, phosphorylated JNK and p38 were increased in response to curcumin, whereas ERK was reduced in a dose-dependent manner. The present results showed that curcumin induced the activation of p38, JNK and ERK, and the MAPK signaling pathway was involved in the induction of apoptosis of A549 cells.
In conclusion, the present findings indicated that curcumin inhibited the proliferation of A549 cells by inducing apoptosis in a dose-and time-dependent manner. Additionally, curcumin induced apoptosis in A549 cells via oxidative stress-dependent mitochondria and MAPK signaling pathways. These results suggest the potential of curcumin as a promising candidate for lung cancer therapy.
